P HYSIOLOGIC mechanisms which influence cardiac function through alterations of the physical state of heart muscle have not been demonstrated, despite much experimental effort. This type of cardiac regulation can be identified only by sudden changes of myocardia! stiffness or distensibility. Experimental evidence for alterations of myocardial elasticity which occurred after variation of physiologic parameters has usually been considered negative or unconvincing. 1 " 3 During an investigation of experimental heart failure,' we observed phenomena which suggested an influence of coronary artery pressure upon the elasticity of heart muscle and which led to the experiments described here. The data show a reversible, significant influence of the pressure in the coronary tree upon the distensibility of the dog's left ventricle.
Methods
Two variations of a basic method are reported here. They had the following; features in common: The entire venous return was arterialized by a heart-lung machine and injected into a femoral artery. The left ventricle was distended by a balloon inserted through the apex (purse-string) and filled with a quantity of air which was constant during each observation period. Left ventricular pressure was recorded through polyethylene or cardiac catheterization tubing with the tip in the left ventricular cavity (Statham strain gage P23G) ; systemic arterial or other pressures were recorded on an Offner oscillograph recorder at paper speeds of 1 mm./see. and 50 mm./sec. Other details of this method have been described before."' Tn all experiments the heart was driven by a pace- Beccived for publication April 5, 1960. maker* in order to avoid "staircase phenomena." In method A, the left coronary artery and its bifurcation were dissected. The anterior descending and the circumflex branches were then cannulated and perfused from a separate reservoir, the elevation of which could be adjusted. The pulmonary artery was ligated and the coronary venous blood drained from the right heart against an adjustable resistance.
In order to prevent all blood flow into the left ventricle from the left atrium or the aorta, method B was developed. The left atrium was transected in its entire circumference and the cuff of left atrial muscle, still attached to the left ventricle, was tied upon the registration tube as closely as possible to the atrio-ventricular groove. Careful, shallow incisions were made through the epicardium into the coronary veins without injuring adjacent heart muscle or coronary arteries; the coronary venous blood could then drain directly into the chest even when the coronary sinus was obstructed by the ligature which held the registration cannula. Tn 4 of the 5 successful experiments with method B, the coronary ostia and the ascending aorta communicated with a blood reservoir, but not with the systemic circulation 1 which was perfused by the heart-lung machine. This permitted perfusion of the systemic and of the coronary circulations with known pressures of different magnitude. In the other successful experiment, coronary and systemic circulations were not separated. The pulmonary artery and the outflow tract of the right ventricle were incised longitudinally. The outflow tract of the left ventricle and the aortic root were palpated and the left coronary vessels were identified. In the 5 successful experiments, 1 jaw of a transversely grooved surgical clamp was plunged from the right heart tangentially through the left heart muscle between the lumen of the left ventricular outflow tract and the left coronary artery, without perforating one or occluding the other. The clamp was then closed, so that the outflow tract of the left ventricle was totally occluded. In this preparatory phase, ventricular fibrillation always occurred at least once, but defibrillation by electrical countershock was successful when the coronary flow had remained intact. In method B, 6 unsuccessful experiments were vitiated either by inadvertent *Medt.ronics Inc., Minneapolis, Minn.
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Circulation Research, Volume VIII, July 1960 laceration of coronary vessels (especially the sept;il artery) or of the outflow tract so that the left ventricle either admitted blood or else dissipated positive diastolic pressure. These defects in the unsuccessful experiments were positively identified after the end of an experiment. The "thebesian" blood flow into the left ventricle of successful experiments was tested by temporarily disconnecting the left ventricular registration tube from the strain gage and measuring 1 the blood outflow while the heart was beating and the coronary artery pressure maximal: the thebesian flow into the left heart then varied from 0 to 10 drops/min. At the end of the experiment, the left ventricle was widely opened, all coronary vessels severed during the opening were occluded, and a pressure of 125 to 140 mm. Hg was applied to the coronary arteries. The 5 successful preparations either did not admit any blood or else admitted only minute amounts through 1 or 2 tiny openings, apparently thebesian veins, in the left ventricular endothelium. By comparison, some otherwise competent and uninjured aortic valves permitted regurgitant flows up to 30 ml./min. when tested with the same pressure system while the outflow tract of the left ventricle was not occluded.
Results
In .14 observations (5 dogs) with method A, a positive diastolic pressure was produced in the left ventricle by inflating the balloon. When a steady state had become established, the elevation of the coronary perfusion reservoir was varied or the coronary venous outflow resistance was changed. Whenever the coronary perfusion pressure was decreased the diastolic pressure in the left ventricle also decreased. The diastolic pressure in the left ventricle rose whenever the coronary perfusion pressure was increased (table 1, fig. 1 ). These parallel changes of the coronary and left ventricular diastolic pressures did not always occur simultaneously, but were usually separated by a time lag which lasted up to 30 seconds. Parallel changes of coronary perfusion pressure and left ventricular diastolic pressure were seen in every instance, irrespective of the elevation of the left ventricular pressure. In the few instances where the above parallel changes were not observed, gross insufficiency of the aortic or mitral valves was demonstrated either during or after the experiment. When the coronary perfusion pressure was constant and the diastolic pressure in the left ventricle was positive, increased pressure in the right heart (produced by variation of the coronary venous outflow resistance) caused a similar homodirectional change in the left ventricular diastolic pressure within 30 seconds (table 2, fig. 2 ). Changes of the left ventricular diastolic pressure which occurred after variation of the pressure in the right heart were observed most clearly at the beginning of an experiment and gradually became less intense when observed at successive later stages of the same experiment. In method B, the hearts had been subjected to severe surgical trauma before the observations. In these experiments, the systemic pressure was usually depressed when the preparation had been completed. The systemic arterial pressure could be increased for brief periods of time by increasing the perfusion rate. The coronary perfusion pressure was regulated by adjusting the elevation of the separate reservoir ; it could be varied from 0 to 140 mm. Hg.
In all experiments, when other factors were constant, a change of the coronary perfusion pressure resulted in changes of the left ventricular diastolic pressure in the same direction (table 3, fig. 3 ).
Discussion
Although the elasticity of heart muscle has long been recognized as a factor which might regulate the function of the heart, 6 " 8 evidence of physiologic mechanisms which would influence cardiac performance by means of physical changes of the heart muscle has usually been considered negative or unconvincing. 1 " 3 When Meek 1 in 1927 reviewed the question of cardiac tonus (a concept then derived from experiments with amphibian hearts), he came to the conclusion that "whatever may be disclosed in the future, there is as yet no convincing evidence that any kind of sustained contraction persists throughout diastole, which is subject to physiological modification." Thirty years later, Reichel 2 came to similar conclusions. He proposed that the term "myocardial tonus" be stricken from physiologic terminology, since all observations of cardiac tonus could be fully explained as instances of stress relaxation. In 1956 Rushmer 8 classified the various physical parameters which define the function of heart muscle and surveyed data which suggested regulatory mechanisms involving the physical properties of heart muscle. He re-emphasized a point made by Kabat and Visscher •"' Changes of the elasticity of heart muscle could account for the functional changes which distinguish normal from failing hearts. In 1957, Landowne and Stacy 9 published a standardized, and now widely adopted, "Glossary of Terms" for studies of tissue elasticity. A number of reports were not discussed in the review papers. 2 ' 3 ' 8 Ullrich, Riecker, and Kramer 10 measured left ventricular pressures in dogs with intact circulation, while known volumes of warm saline were rapidly injected into the ventricle and while the inflow and outflow tracts were temporarily occluded by manual compression. They found no changes of myocardial elasticity in their experiments in which coronary perfusion was temporarily interrupted and where systemic hypotension must have existed. Each measurement period lasted for about 15 seconds. Hild and Herz 11 registered pressure-volume diagrams of isolated left ventricles of cats where they failed to see an influence of epinephrine upon myocardial elasticity. A. M. Katz, L. N. Katz, and Williams 12 registered left ventricular pressures and volumes in dogs with intact systemic circulation. During asphyxia and after norepinephrine, the systolic and diastolic pressures in the left ventricle increased, while the volume of the left ventricle decreased. This was interpreted as indicating'' increased tone'' of the heart muscle caused by a mechanism which "tightened the molecular structure of the failing myocardium. We became interested in myocardial elasticity because veno-arterial pumping invariably aggravated experimental left ventricular failure, even while elevating the systemic arterial pressure; we had expected the opposite effect because of the improved metabolic support provided to the failing heart muscle. 4 The suspicion arose that "acute heart failure" (as produced in our experiments) could not be explained by current concepts. The deleterious effect of veno-arterial pumping was reversible and was therefore not caused by "irreversible" distensibility changes. 14 ' 15 We therefore designed the experiments reported here in which the virtually bloodless left ventricle was distended by a known quantity of air, where the ventricular pressures were measured, and where the systemic and coronary pressures could be varied at will. This inethod yields information concerning the distensibility of the left ventricle. 13 We decided to distend the ventricle to a positive diastolic pressure because we believed that changes of myocardial elasticity would be more apparent from a positive diastolic pressure control state.
In method A described here, the cannulated coronary arteries supplying the greater portion of left ventricular muscle were perfused increase of the diastolie pressure of the left ventricle; such a phenomenon was never observed : To the contrary, the left ventricular diastolic pressure paralleled the coronary pressure in every instance.
In method B, entry of blood from the aorta and the left atrium into the ventricle did not take place. In 2 of the 5 successful experiments a maximum of 0.7 ml./min. blood flowed into the left ventricle during the control periods when the coronary perfusion pressure was maximal, while in 3 experiments the left ventricular cavity remained completely dry when tested during and after the experiment. In this system, the observed parallel fall of coronary and left ventricular diastolic pressures could certainly not be explained by entry or ejection of blood: 5 to 15 ml. of blood had to be injected into the closed left ventricular cavity in order to increase the diastolic pressure to the level it reached after the coronary pressure was raised. The observed increase of left ventricular diastolic pressure therefore could not be attributed to the few drops of "thebesian" blood which flowed into the left ventricular cavity. In a few observations (not reported here in detail), the pressure in the nonbeating, perfused, distended left ventricle paralleled coronary pressure variations in much the same manner described above.
It is clear from this discussion that the diastolic pressures reported here resulted not from unnoticed blood flow or other factors but from the standardized distending force of the left ventricular balloon and the variable resisting force of the left ventricular wall which opposed distention. Although changes of both systolic and diastolic pressures were observed here after variations of the coronary pressure, we are limiting our remarks to a discussion of the diastolic pressure. Left ventricular systolic pressure changes seen here were more complex and more difficult to evaluate because they were influenced not only by the physical properties of heart muscle, but also by metabolic support which changed with the coronary pressure.
The experimental arrangement described here essentially consisted of 2 closed systems which did not communicate with each other: the cavity of the left ventricle and the coronary vascular tree. A change of the pressure in the coronary tree resulted in a change of the positive diastolic pressure in the left ventricle. Thus, we are forced to conclude that the pressure in the coronary tree influences the distensibility of the left ventricle; it is probable that coronary vascular pressures influence not only distensibility but also other parameters (stiffness, rate of relaxation) which describe the physical state of heart muscle. For this reason, we prefer to speak about elasticity even though limiting the discussion to the evidence, which concerns distensibility.
We cannot visualize how a change of coronary pressure would influence the residual diastolic contraction of myocardial fibers ("tone"'" 9 ), the interfascicular tension of the muscle bundles, s or the elasticity of collagenous fibers in heart muscle. However, the inverse relationship between coronary vascular pressure and distensibility of the left ventricle can be explained if we assume that the blood volumes in the coronary arteries and A'eins were influenced by the coronary perfusion pressure. When the left ventricle was distended to a positive diastolic pressure, the epicardium was stretched and the pressure and blood volume in the coronary venules and Circulation Research, Volume. VIII, July 19G0 may explain the time lag between coronary pressure change and diastolic pressure change) and the engorged coronary vessels communicated their increased resiliency to the wall of the heart. This concept receives support from the change of myocardial distensibility which was observed when the coronary venous outflow resistance was changed while other factors were constant: Increased coronary venous outflow resistance decreased myocardial distensibility, probably because of the resulting engorgement of the coronary venous network.
We believe to have shown here that the turgor (volume) of the coronary vessels can influence myocardial elasticity. It therefore seems justified to speak of an'' erectile'' effect of the coronary tree as a whole.* We believe that this effect has been demonstrated here in distended, injured hearts, where it was elicited by increase of the coronary arterial and of the coronary venous pressures which must have led to passive engorgement of the coronary tree. We cannot know from our experiments whether analogous effects participate in the functional regulation of hearts which are not overdistended, or whether the turgor and the erectile function of the coronary vessels can change not only as a result of passive engorgement but also by active changes of coronary vasomotor tonus.
•Webster's Unabridged Dictionary, 1959. "erection : in physiology a becoming or being hard and swollen by filling with blood: said of erectile tissue." No synonym listed or found.
Summary
The marked intensification of experimental left ventricular failure by veno-arterial pumping which was seen in earlier experiments suggested changes of myocardial elasticity as a mechanism. Two experimental procedures were therefore applied here, in which the pressure in the coronary arteries and veins could be varied at will, where the left ventricle was distended by an air-filled balloon, and where the coronary tree did not communicate with the left ventricle. Changes of the coronary arterial or venous pressures were accompanied by homodirectional changes of the left ventricular diastolic pressure which were of large magnitude and which could not be explained by unobserved blood flow into the left ventricle or by other factors.
The inverse relationship between coronary vascular pressures and myocardial distensibility was probably caused by the increasing volume of blood which was retained in the coronary arteries and veins when the coronary arterial or venous pressures were increased. This passive increase in coronary blood volume (turgor) must have changed the resiliency of the coronary tree. The changed elastic properties of the coronary tree then resulted in a change of the elastic properties of the heart.
Summario in Interlingua
Le niarcatc intensification ilel disfallimento sinistroventricular experimental per pumpution veno-arterial, que esseva observnte in previe investigationes, suggereva alterationes del elasticitate myocardial como un meclianismo. Per consequente, due methodos experimental esseva applicate in le presente studio, per le quales le tension in le arterias e venas coronari poteva esser variatc arbitrarimente, con le ventriculo sinistro distondite per un ballon plenate de aere e con le vasculatura coronari isolate ab le ventriculo sinistre. Alterationes in le tensiones coronari arterial o venose esseva accompaniate de alterationes homodirectional del tension diastolic sinistro-ventricular-alterationes de un magnitude si considerable que illo non poteva esser explicate per un occulte fluxo de sanguine a in le ventriculo sinistre o per altere factores.
Le inverse relation inter le tension coronario-vascular e le distensibilitate myocardial esseva probabilemente causate per le crescente volumine de sanguine retenite in le arterias e venas coronari quando le tension coronari arterial o venose esseva augmentate. Iste augmento passive del volumine de sanguine coronari (turgor) debe haber alterate le resilientia del vasculatura coronari. Le alterate proprietates elastic del vasculatura coronari resultava alora in un alteration del proprietates elastic del cordo.
